The ecosystem and societal development over arid Central Asia, the core connecting region of the Silk Road Economic Belt, are highly sensitive to climate change. The results derived from multiobservational datasets show that summer precipitation over Central Asia has significantly increased by 20.78% from 1961 to 2013. It remains unclear whether anthropogenic forcing has contributed to the summer wetting trend or not. In this study, the corresponding physical processes and contributions of anthropogenic forcing are investigated by comparing reanalysis and experiments of the Community Atmosphere Model, version 5.1 (CAM5.1), from the CLIVAR Climate of the Twentieth Century Plus (C20C1) Project. The observed wetting trend is well reproduced in the simulation driven by all radiative forcings (CAM5-All), but poorly reproduced in the simulation with natural forcings only (CAM5-Nat), confirming the important role of human contribution in the observed wetting trend. Moisture budget analysis shows that the observed wetting trend is dominated by the increasing vertical moisture advection term and results from enhanced vertical motion over nearly all of Central Asia. The observed contributions of moisture budget components to the wetting trend are only captured by CAM5-All experiments. The dynamic contribution is determined by the warm advection anomalies in association with a human-induced meridional uneven warm pattern. Human-induced warming increases the specific humidity over all of Central Asia, increasing (decreasing) the precipitation over the climatological ascent (descent) region in eastern (western) Central Asia.
Introduction
Precipitation is one of the most important components of the global water cycle, and its changes can deeply affect the sustainable development of economies and societies (Gillett et al. 2004) . During the past half century, precipitation has experienced great changes on both global and regional scales (IPCC 2013 ). An accurate attribution of the changes in precipitation to specific factors is of great importance to social and scientific communities. Because of the uncertainties of climate models in simulating regional precipitation and the large contribution of internal variability, regional precipitation attribution is a great challenge (Gillett et al. 2004; Stott et al. 2010; Hegerl and Zwiers 2011; Sarojini et al. 2016) .
Attribution studies rely greatly on the performance of model simulations . Observed precipitation changes are more difficult to capture than temperature in climate models, resulting in challenges in precipitation change attribution Sarojini et al. 2016) . Attribution studies on precipitation first focus on changes at the global scale and have successfully detected the influence of natural volcanic forcing (Allen and Ingram 2002; Gillett et al. 2004; Lambert et al. 2004 ) and anthropogenic forcing Min et al. 2011; Noake et al. 2012; Polson et al. 2013; Zhang et al. 2013) . At the regional scale, the influence of human activities on precipitation changes is detected in certain specific regions, such as the high-latitude land area (Min et al. 2008; Wan et al. 2015) , northern Europe (Bhend and Von Storch 2008) , South Asia (Bollasina et al. 2011) , southwest Australia (Delworth and Zeng 2014) , and East Asia (Ma et al. 2017b) .
Central Asia (318-508N, 608-958E) is a key connecting region of the Silk Road Economic Belt extending from Asia to Europe. As an arid region, the development of society and economy in Central Asia is more sensitive to climate change than in the humid regions (Huang et al. 2016 (Huang et al. , 2017 . At the interannual time scale, the precipitation variation over Central Asia is associated with the meridional displacement of the Asian subtropical westerly jet, which can be linked with the Indian summer monsoon through the South Asian high (Huang et al. 2015a; Wei et al. 2017) . The interannual circumglobal teleconnection in the Northern Hemisphere summer (Ding and Wang 2005; Huang et al. 2015a,b) and El Niño-Southern Oscillation (Mariotti 2007; Hu et al. 2017 ) can also modulate the precipitation variation over Central Asia. In recent decades, the climate in the eastern part of Central Asia (i.e., northwest China) has shifted from warm and dry to warm and wet (Shi et al. 2007) , while the information on climate change in the western part of Central Asia is quite limited because of few stations. Many studies focus on the period 1961-2010 to address the increasing trend of precipitation in the eastern part of Central Asia based on the station data, showing that the increasing trend is mainly in summer and influenced by the changes in both specific humidity and atmospheric circulation (Zhou and Huang 2010; Zhao et al. 2014; Li et al. 2016; Peng and Zhou 2017) .
However, whether the wetting trend is a result of natural or anthropogenic change and what the corresponding dynamical processes are remain unknown. Based on multiobservations, we found that the wetting trend during the past 50 years can be extended to all of Central Asia, with the increasing trend of precipitation mainly concentrated in summer (the wet season in Central Asia). Therefore, in this study, the detection and attribution studies are applied to the increasing summer precipitation over Central Asia based on multidatasets of observations and the Community Atmosphere Model, version 5.1 (CAM5.1), simulations from the CLIVAR Climate of the Twentieth Century Plus (C20C1) Detection and Attribution Project (Folland et al. 2014; Angélil et al. 2017) . We show evidence that anthropogenic forcing plays an important role in the wetting trend over Central Asia.
The remainder of this paper is organized as follows. We introduce the datasets and methods in section 2. In section 3, we first detect the influence of anthropogenic forcing on the increasing precipitation over Central Asia, and then address the corresponding dynamic mechanisms responsible for the wetting trend by using a moisture budget analysis. In section 4, the main results are summarized.
Data and methods

a. Data description
Three observed gridded monthly mean precipitation datasets and the station precipitation data covering Central Asia were used in this study:
(i) NOAA's precipitation reconstruction over land (PRECL) at a horizontal resolution of 18 3 18, which covers the period from January 1948 to the present (Chen et al. 2002) , available from https://www.esrl. noaa.gov/psd/data/gridded/data.precl.html. PRECL (Chen et al. 2002) is derived from the interpolation of gauge stations collected in the Global Historical Climatology Network, version 2 (GHCN v2), and the Climate Anomaly Monitoring System (CAMS) datasets. (ii) The Global Precipitation Climatology Centre (GPCC) full data reanalysis, version 7.0, at a horizontal resolution of 0.58 3 0.58 (Schneider et al. 2015 gov/pub/data/ghcn/) are also employed in this study to verify the observed precipitation trend derived from gridded datasets. This is because gridded precipitation datasets use the spatial interpolation to fill the missing grid boxes, which may induce large bias in the regions with sparse stations, such as Central Asia. The precipitation data from GHCN are homogeneity adjusted. The precipitation stations from CMA are homogenized by Ma et al. (2015) based on the penalized maximum F test. To focus on the long-term trend, only the stations with at least 80% available records during the study period were used. In total, 75 homogenized stations (hereafter 75Station), that is, 10 stations from GHCN and 65 stations from CMA, were used.
The monthly Japanese 55-year Reanalysis (JRA-55) dataset, conducted by Japan Meteorology Agency at a horizontal resolution of 1.258 3 1.258 and covering the period from 1958 to present, is used in this study (Kobayashi et al. 2015) . The precipitation from JRA-55 is essentially a model variable and is used in this study for the moisture budget analysis.
The model experiments are from the CLIVAR C20C1 Detection and Attribution Project (Folland et al. 2014) . The monthly mean datasets used in this study are conducted by the CAM5.1 (atmosphere-only model) at the horizontal resolution of ;18 3 18 (Stone et al. 2018) . The model has two experiments, CAM5-All and CAM5-Nat, and each has 50 realizations and covers the period from January 1959 to June 2015 (Table 1 ). All the realizations start from the same initial state but with small uniform perturbations applied to the threedimensional temperature field. The CAM5-All, representing the ''real world'' scenario, is forced by observed sea surface temperature (SST) and sea ice, historical greenhouse gases, tropospheric aerosols, volcanic aerosols, solar irradiance, land cover, and stratospheric ozone. In the CAM5-Nat, which represents the ''natural world'' scenario, the solar irradiance and volcanic aerosols are the same as those in CAM5-All, while tropospheric aerosols, greenhouse gas, stratospheric ozone, and land cover are fixed at the estimated preindustrial level. Most importantly, the anthropogenic contributions of SST and sea ice coverage estimated from CMIP5 models using the optimal fingerprinting method are subtracted from observations (D. Stone and P. Pall 2018, unpublished manuscript) to create reasonable natural sea surface boundaries for CAM5-Nat. Thus, the difference between the ensemble mean of CAM5-All and CAM5-Nat reveals the anthropogenic contribution (CAM5-Ant). For more details of the experimental design, the readers are referred to the website of the CLIVAR C20C1 Detection and Attribution Project (http://portal.nersc.gov/ c20c/main.html). The model simulations from CLIVAR C20C1 experiments conducted by research institutes around the world are publicly accessible from http:// portal.nersc.gov/c20c/data.html and have been widely used in climate attribution and climate change studies (e.g., Angélil et al. 2017; Ma et al. 2017a ; also see the publication list at http://portal.nersc.gov/c20c/pub.html).
b. Moisture budget analysis
The commonly used vertical integral of the moisture budget equation is employed in this study to address the changes in precipitation (Seager et al. 2010; Chou and Lan 2012; Chou et al. 2013) : Here, P, E, and q denote precipitation, evaporation, and specific humidity, respectively. The V h is the horizontal vector wind, v is the vertical velocity, h i is the column integration from the surface to tropopause, › t and › p denote the time and pressure derivative of variables, respectively, and = h is the horizontal operator. The term › t hqi is small and can be neglected on a seasonal scale, and 2hV h Á = h qi 0 and 2hv› p qi 0 are the changes in horizontal and vertical advection terms, respectively. The residual term d indicates the subseasonal transient eddies and is relatively smaller than other terms (Seager et al. 2010; Chou et al. 2013 ). The change ( ) 0 denotes the departure from the long-term mean (). The changes in vertical advection 2hv› p qi 0 can be further divided into a dynamic contribution 2hv 0 › p qi in association with changes in atmospheric circulation, and a thermodynamic contribution 2hv› p q 0 i in association with changes in specific humidity, and nonlinear terms 2hv 0 › p q 0 i. Thus, Eq. (1) can be further expressed as
As the evaporation is not output directly in model simulations, we estimate evaporation using the equation
where L is the surface latent heat flux, and l is the latent heat of vaporization (MJ kg 21 ); l 5 2:501 2 (2:361 3 10 23 )T, where T is the air temperature (8C) (Allen et al. 1998 ).
c. Statistical methods
We use the Mann-Kendall nonparametric method to test the significance of long-term trends for the spatial patterns. We test the significance of linear trends for regional-averaged values using the Student's t test. Both the two test methods are based on the functions from NCAR Command Language (NCL; http://www.ncl. ucar.edu/). The probability density functions are derived from nonparametric kernel estimation and a Gaussian smoother. Note the precipitation trend over Central Asia is calculated for each realization in both CAM5-All and CAM5-Nat. To test the significance of different probability density functions, we use the twosided Kolmogorov-Smirnov (KS) test based on the MATLAB software. We set the confidence level as 95% in this study.
Results
a. Observed and simulated precipitation changes in Central Asia
We first show the observed and model-simulated regional-averaged summer (June-August) precipitation anomalies in Fig ) averaged over Central Asia (608-958E, 318-508N; see the black box in the inset map) for 1961-2013. Four observations, namely, PRECL, GPCC, CRU, and 75Station are indicated by the black, green, blue, and hot pink lines, respectively. The violet red, red, and yellow lines are for JRA-55, the ensemble mean of CAM5-All, and CAM5-Nat, respectively. The gray shading denotes the standard deviation of the 50 members in CAM5-All. The dashed lines are the corresponding linear trends. All the trends are statistically significant at the 5% level.
that the summer precipitation in Central Asia has increased significantly at the 5% level, at rates of 1.14, In arid Central Asia, the climatological summer precipitation is 25.25 mm month 21 (Table 2) ; thus, the precipitation has increased significantly by 20.78% during the past 50 years (3.92% decade (increased by 16.01% during the past 50 years). We note the climatological precipitation in JRA-55 is larger than the observations ( Table 2 ). The observed and simulated spatial patterns of the long-term trend for summer precipitation during 1961-2013 are shown in Fig. 2 . The precipitation from 89% of the stations shows an increasing trend, with 24% of the stations significant at the 5% level, confirming the increasing summer precipitation in Central Asia (Fig. 2a) . The spatial patterns of precipitation trend derived from three gridded observations (PRECL, CRU, and GPCC) are similar to that from 75Station, consistently indicating that the wetting trend is not limited to northwestern China but extends to western Central Asia, with a significant wetting trend for the southwestern part of Central Asia (greater than 15% decade 21 ) (Figs. 2a-d) . The spatial pattern of precipitation trend derived from JRA-55 resembles the observations (Fig. 2e) .
We compare the simulated spatial patterns of precipitation changes (Figs. 2f,g ) with the observations (Figs. 2a-d) . In response to the combination of both natural and anthropogenic influence, summer precipitation increases significantly over most regions of Central Asia in the ensemble mean of CAM5-All, matching the observations well, although with relatively larger wetting regions than observations over the northern part of Central Asia (Fig. 2f) . The percentage change of precipitation in CAM5-All is lower than observations ( Fig. 2f and Table 2 ). In contrast to the uniform wetting pattern in CAM5-All, a significant drying trend south of 358N and weak wetting trend north of 358N are seen in CAM5-Nat (Fig. 2g) . The difference between the ensemble mean of CAM5-All and CAM5-Nat represents the humaninduced changes, indicating that human influence contributes to a significant wetting trend in Central Asia.
We further assess the reliability of the attribution result in the following way: in each scenario (CAM5-All and CAM5-Nat), we calculate the regional-averaged precipitation trends over Central Asia from individual realizations, and then, we use the nonparametric kernel estimation with a Gaussian smoother to obtain the corresponding probability density functions (Fig. 3) . The analysis conducted here is similar to the method used in Knutson et al. (2013) . The probability density functions of simulated precipitation trends derived from different experiments are statistically distinguishable with the two-sided Kolmogorov-Smirnov test, indicating that the long-term changes in precipitation over Central Asia are strongly affected by human activities. The observed precipitation trends (hot pink and black circles, black triangle, and star in Fig. 3 ) are largely outside the distribution of the CAM5-Nat (blue line, activities to the significant wetting trend. Based on the significant precipitation trend of 20.54 (1.02) mm month 21 decade 21 derived from the ensemble mean of CAM5-Nat (CAM5-All), the humaninduced summer precipitation trend is estimated to be 1.56 mm month 21 decade
21
, that is, the summer precipitation over Central Asia has significantly increased by 17.72% (relative to the climatological value from CAM5-All) from 1961 to 2013 in response to anthropogenic influence.
b. Moisture budget analysis of the observed and simulated wetting trend
To understand the physical mechanisms responsible for the human-induced wetting trend, we conduct the moisture budget analysis. For both spatial patterns (Fig. 2e) and regional-averaged perspective (Figs. 1, 3 and Table 2), the precipitation changes over Central Asia from the JRA-55 show high consistency with those from observations. Thus, the variables related to precipitation changes derived from the JRA-55 data are used in the following analysis.
The trends of regional-averaged moisture budget components over Central Asia are shown in Fig. 4 . In JRA-55 (green bars), the evaporation changes coherently couple with precipitation changes, suggesting a feedback between the increasing evaporation and precipitation. The change of precipitation is larger than evaporation, indicating a net wetting trend. The linear trend of the vertical moisture advection term is 0.9 mm month 21 decade
, playing a dominant contribution to the observed wetting trend. We further separate this term into dynamic and thermodynamic components. The linear trend of the dynamic term (viz. the changes in atmospheric circulation) is about 3 times larger than the thermodynamic term (viz. the changes in specific humidity). The contribution of the horizontal moisture advection term is negative. The trends of moisture budget components in the ensemble mean of CAM5-All (Fig. 4 , the maroon bars) are comparable with the JRA-55 except for weaker magnitude, demonstrating a reasonable representation of the physical processes associated with the wetting trend in the CAM5-All simulation. The drying trend in CAM5-Nat comes from both the vertical moisture advection and eddy terms, while the horizontal moisture advection terms increase significantly and partly offset the drying trend. The declined dynamic components contribute to the drying Central Asia in CAM5-Nat. To estimate the anthropogenic contribution, we focus on the difference between CAM5-All and CAM5-Nat (Fig. 4b) . The human-induced increasing trend of precipitation is dominated by the dynamic component of vertical moisture advection.
We compare the spatial patterns for the trends of moisture budget components derived from JRA-55 and ) from CAM5-All (red line) and CAM5-Nat (blue line). The black triangle and star denote the trends from GPCC and CRU, respectively. The black and hot pink circles denote the trends from PRECL and 75Station, respectively. The green, red, and blue circles denote the trends from JRA-55, CAM5-All (All-EM), and CAM5-Nat (Nat-EM), respectively; EM indicates ensemble mean. The horizontal black lines through the two simulated values indicate a range of 5%-95% from the corresponding distribution.
FIG. 4. Trend (mm month
21 decade 21 ) for moisture budget components averaged over Central Asia. Pr is precipitation; E is evaporation; 2hudqi, 2hydqi, and 2hwdqi are the zonal, meridional, and vertical moisture advection terms, respectively; Res is the residual term; 2hw 0 dqi, 2hwdq 0 i, and 2hw 0 dq 0 i are the dynamic, thermodynamic, and nonlinear components, respectively. (a) The results from JRA-55, CAM5-All, and CAM5-Nat are denoted by green, maroon, and blue colors, respectively; (b) the results induced by anthropogenic forcing. Black stars indicate that the trends are statistically significant at the 5% level. model simulations in Fig. 5 . In JRA-55 [Figs. 5a(1)-(4)], the evaporation change is also well coupled with the precipitation change and exhibits an increasing trend over Central Asia. The summer surface air temperature in Central Asia has increased significantly at a rate of 0.218C decade 21 during 1961-2013 (Table 3) , which is favorable for the evaporation process, that is, the vaporization and removal of liquid water (Allen et al. 1998 ). The horizontal moisture advection terms partly offset the increasing trend of precipitation, owing to the larger magnitude of negative contribution from zonal meridional moisture advection term in comparison to the positive contribution from meridional moisture advection term. The trend of vertical moisture advection term resembles that of the precipitation, demonstrating its dominant role [ Fig. 5a the dynamic component (Fig. 6a) shows the same trend as the vertical moisture advection [ Fig. 5a (4)], with an increasing trend over the western and eastern parts of Central Asia but a decreasing trend over the middle part (Fig. 6a) . The thermodynamic term has a negative contribution to the western part but a positive contribution to the eastern part, showing a zonal dipole pattern over Central Asia (Fig. 6b) . Thus, the dynamic component caused by anomalous vertical ascending motion has a positive contribution to the eastern and western parts of Central Asia, while the thermodynamic component mainly contributes to the wetting trend over the eastern part and partly offsets the wetting trend over the western part of Central Asia. The spatial patterns of changes in both dynamic and thermodynamic components revealed by JRA-55 data are also seen in CAM5-All (Figs. 6c,d) , which provides us more confidence to reveal the physical mechanisms responsible for the wetting trend in response to anthropogenic forcing. In CAM5-Nat (Figs. 6e,f) , the dynamic component has a weak increasing trend over the northern part and a strong decreasing trend over the southern part, while the thermodynamic component shows an increasing trend over western part and a decreasing trend over the eastern part. Therefore, both the thermodynamic and dynamic contributions in CAM5-All come from anthropogenic contribution (Figs. 6g,h) . Based on the analysis, it is evident that the humaninduced changes in the dynamic component have increased the summer precipitation over nearly all of Central Asia. The changes in the thermodynamic component, in response to human influence, increase the summer precipitation over the eastern part but decrease the summer precipitation over the western part of Central Asia. Because of the cancelling effect of the dipole distribution pattern, the regional-averaged thermodynamic contribution in response to human influence over Central Asia is weak.
c. Physical mechanisms responsible for the human-induced wetting trend
The above results show that changes in dynamic components are important for the precipitation changes over Central Asia. A recent study by Peng and Zhou (2017) demonstrated that changes in thermodynamic components play an important role in the wetting trend over eastern Central Asia. In this section, the physical mechanisms responsible for the dynamic and thermodynamic components of moisture budget are examined.
The changes in the dynamic component are in agreement with the changes in anomalous vertical motion, based on Eq. (2). Climatologically, western and eastern Central Asia are the subsidence and ascent regions, respectively (Figs. 7a,b) . During 1961-2013, an anomalous ascending motion occurs over western and eastern Central Asia and an anomalous descending motion occurs over the middle part of Central Asia (Figs. 7c,d,f) , corresponding to the changes in dynamic components (Figs. 6a,c,g ). Since horizontal temperature advection anomaly plays an important role in modulating the vertical motion based on the quasi-geostrophic omega equation (Wei et al. 2017) , we further examine the spatial patterns of changes in horizontal temperature advection (2V h Á = h T, where V h is the horizontal vector wind, T is the temperature, and = h is the horizontal operator) at 500 hPa (Fig. 8) . In JRA-55 (Fig. 8a) , the horizontal temperature advection shows significant warm anomalies over the western and eastern parts of Central Asia but cold anomalies over the middle part. The locations of anomalous warm (cool) advection correspond to those of anomalous ascending (descending) motion in Fig. 7c . This relationship between temperature advection trend and vertical velocity trend is found in both CAM5-All and CAM5-Nat. The spatial patterns of changes in horizontal temperature advection derived from JRA-55 resemble CAM5-All (Fig. 8b) better than CAM5-Nat (Fig. 8c) , although CAM5-All misses the observed warm advection anomalies in some parts of eastern Central Asia. The warming trend of horizontal temperature advection in CAM5-All is mainly contributed by human influence (Fig. 8d) .
In both JRA-55 and CAM5-Ant, the warm advection anomalies are dominated by meridional warm advection anomalies (Figs. 9a,b) . This term is further divided into one component associated with changes in meridional wind (Figs. 9c,d ) and one component associated with changes in air temperature (Figs. 9e,f) . In JRA-55, the changes in meridional wind and temperature favor the warm advection anomalies over eastern and western Central Asia, respectively. In CAM5-Ant, changes in meridional wind favor the warm advection anomalies over the western and eastern parts of Central Asia, while changes in temperature favor the warm advection anomalies over western Central Asia. In both JRA-55 and CAM5-Ant, the contribution of changes in meridional wind is larger than that of the corresponding changes in temperature.
The trends of winds and temperature responsible for temperature advection trends are further examined, as shown in Fig. 10 . Climatologically, the west and east parts of Central Asia in JRA-55 are dominated by northerly and southerly winds, respectively (contours in Fig. 10a ). The anomalous southerlies are seen in JRA-55 for 1961-2013 (Fig. 10a, shading) , bringing much more warm air from South to Central Asia, consistent with the temperature advection trends shown in Fig. 9c .
The temperature trends are distributed unevenly surrounding Central Asia, with a faster warming trend to the north of Central Asia, but cooling over southern Central Asia (Fig. 10g) . This cooling trend has been reported by previous studies (Zhou and Zhang 2009; Zhou and Huang 2010; Zhao et al. 2014) . Based on the ''thermal wind'' relationship, more warming over the high latitudes and cooling over Central Asia weakens the meridional temperature gradients to its north part but enhances those to the south, inducing the corresponding changes in geopotential height (Fig. 10e) , thus leading to a weaker westerly over north Central Asia but a stronger westerly wind over south Central Asia (Fig. 10c) . As a result, the subtropical westerly jet over Central Asia shifts southward, inducing an anomalous southerly wind over Central Asia and bring in more warm air (Fig. 9c) . In addition, the uneven warming trends combined with the climatological northerly wind over western Central Asia benefit the warm advection trend (the component associated with changes in temperature), as shown in Fig. 9e .
The climatological distributions of meridional and zonal wind are well captured by CAM5.1 (the contours in Figs. 10b,d) . In response to anthropogenic forcing, a significant warming trend is seen over the continent with a faster warming rate at higher-latitude regions (Fig. 10h) , whereas the cooling trend over Central Asia in JRA-55 is absent in CAM5-Ant. Human-induced uneven warming results in the uneven changes in geopotential height (Fig. 10f) , inducing an anomalous easterly and westerly winds over the northern and southern parts of western Central Asia, and an anomalous easterly wind over eastern Central Asia but with a relatively weaker magnitude in the south. As a result, the subtropical westerly jet over Central Asia shows a southward displacement (similar to the results in JRA-55 but with smaller regions), inducing the anomalous southerly wind, which can bring more warm air. Combined with the faster warming rates at the high latitudes in CAM5-Ant, the climatological northerly wind over western Central Asia brings warm air to that region (Fig. 9f) , consistent with the results of JRA-55. The warm advection anomalies favor anomalous ascending motion, thus resulting in more summer precipitation over Central Asia.
According to Eq. (2), the thermodynamic contribution is determined by the combination of specific humidity changes and the climatological vertical velocity. In response to global warming, the atmospheric moisture content increases and the global water cycle accelerates (Held and Soden 2006) . Thus, human influence results in a uniform increasing trend of summer precipitable water in Central Asia (not shown). However, this uniform increasing pattern is different from the zonal dipole pattern of the thermodynamic term trend (Fig. 6b) because of the climatological distribution of vertical velocity [subsidence in western part and ascent in eastern part of Central Asia (Fig. 7b)] . As a result, human-induced increasing precipitable water contributes more precipitation in the climatological ascent region (eastern part of Central Asia), but reduces the precipitation in the climatological subsidence region (western part of Central Asia).
Summary
Analysis of existing observational datasets shows that the summer precipitation in Central Asia, an arid and semiarid region, has experienced a significant increasing trend during 1961-2013. However, whether this is a result of natural or anthropogenic change remains unknown. The thermodynamic and dynamical mechanisms behind the wetting trend also lack investigation. In this study, we compared the results derived from the observation and reanalysis with two sets of CAM5.1 attribution experiments-one driven by historical SST and radiative forcing (CAM5-All) and another forced only by natural radiative forcing and historical SST with anthropogenic influence removed (CAM5-Nat). The physical mechanisms behind the observed wetting trend and the role of anthropogenic influence in modulating these physical processes are examined. The results demonstrate that human activities have contributed significantly to the wetting trend of Central Asia from 1961 to 2013. The major findings are summarized below:
1) The average of four observed precipitation datasets, including the 75Station, PRECL, CRU, and GPCC data, shows that the summer precipitation in Central Asia has significantly increased by 20.78% from 1961 to 2013. The observed increasing precipitation trend over Central Asia is well captured by the CAM5-All, whereas the CAM5-Nat shows a drying trend. Thus, human influence has played an important role in the observed wetting trend and increased the summer precipitation by 17.72% in the past 50 years. 2) A moisture budget analysis based on JRA-55 indicates that the observed wetting trend is dominated by the changes in vertical moisture advection term. The changes in vertical moisture advection are further divided into dynamic components in association with changes in atmospheric circulation and thermodynamic components in association with changes in specific humidity. The dynamic contribution is a dominant contributor to the wetting trend and increases the precipitation over all of Central Asia, while the thermodynamic contribution increases (decreases) the precipitation over the eastern (western) part of Central Asia. The evaporation couples well with the precipitation and also shows a significant increasing trend, indicating a feedback between them. All the changes in moisture budget components responsible for the observed increasing precipitation are well captured by the CAM5-All, but these changes failed to be captured by the CAM5-Nat. Thus, the observed changes in moisture budget components in association with the wetting trend are mainly from human influence. 3) Human-induced dynamic contribution is the main contributor to the wetting trend over Central Asia, and the corresponding physical mechanisms are depicted in Fig. 11 . In response to human influence, the temperature of the troposphere increases significantly over the Eurasian continent, with faster warming rates over the high latitudes, resulting in a meridional uneven warming pattern. It weakens the meridional thermal gradient over Central Asia and results in the southward displacement of the subtropical westerly jet over Central Asia, inducing an anomalous southerly wind over most parts of Central Asia and bringing in more warm air. Meanwhile, combined with the climatological northerly wind over western Central Asia, the larger warming rate at higher latitudes also favors stronger warm advection over western Central Asia. As a result of stronger warm advection over Central Asia, an anomalous ascending motion is simulated in CAM5-Ant, increasing the summer precipitation. A feedback is seen between increased precipitation and evaporation. We note human-induced warming increases the atmospheric moisture content over all of Central Asia, and favors more precipitation over the eastern part of Central Asia (the climatological ascent regions), while decreasing the precipitation over the Although the natural radiative forcing is not larger with respect to human influence, a significant drying trend is found in CAM5-Nat. We note that the results of CAM5-Nat experiments are driven by both natural radiative forcing and natural SST variability. Further analyses indicate that the drying trend in CAM5-Nat is driven by the natural SST variability of the interdecadal Pacific oscillation (IPO). In CAM5-Nat, the precipitation over Central Asia shows a significant negative-correlation relationship (with a correlation coefficient of 20.44 after a 5-yr low-pass filter, significant at the 5% level) with the tripole index (TPI) for the IPO defined by Henley et al. (2015) , with the strongest signal in the North Pacific Ocean (figures not shown). The upward trend of precipitation after 1992 is associated with the decrease of TPI in the CAM5.1 model. Note the decrease of TPI is also seen in the observations. The influence of IPO on atmospheric circulation over Central Asia has been illustrated by Watanabe and Yamazaki (2014) ; that is, there is a stationary wave train along the subtropical westerly jet associated with IPO, with an anomalous anticyclone (cyclone) over Central Asia associated with cool (warm) SST anomalies in the North Pacific Ocean.
This study shows evidence that the increasing summer precipitation over Central Asia is modulated by human influence, which is mainly because of human-induced global warming. The aerosol forcing, which is a dominant factor responsible for the Asian monsoon precipitation changes relative to the greenhouse gas (GHG) warming during past centuries (Li et al. 2015 (Li et al. , 2018 , may also contribute to the wetting trend in Central Asia because it can influence the meridional displacement of the subtropical westerly jet (Song et al. 2014 ) which is associated with precipitation changes over Central Asia (Zhao et al. 2014; Peng and Zhou 2017) . Because of the experimental design, the influence of climate warming and aerosol effect cannot be identified separately in this study by using the C20C1 Detection and Attribution experiments. To clearly reveal the relative contribution of different external forcing (such as aerosol, greenhouse gas, and land cover) in the precipitation changes over Central Asia, further studies are needed by designing specific numerical experiments that can separate the influences of GHG and aerosols under the umbrella of C20C1 projects. Technology of China under Grant 2018YFA0606500. Tianjun Zhou is also supported by the Jiangsu Collaborative Innovation Center for Climate Change. The CAM5.1 simulations used in the paper are provided by the subproject of the World Climate Research Programme's (WCRP) Climate Variability Programme's (CLIVAR) Climate of the 20th Century Plus (C20C1) FIG. 11 . Schematic diagram of the physical mechanisms responsible for the human-induced summer wetting trend over Central Asia. Blue indicates the climatological background, and red indicates the changes in response to human influence. The increasing trend is dominated by warm advection anomalies-induced anomalous ascending motion in response to the uneven warming. The warm advection anomalies are dominated by the southward movement of the subtropical westerly jet, followed by the climatological northerly wind in western Central Asia. There is a feedback between the increased evaporation E and precipitation P (green).
Project and can be directly accessed from http://portal. nersc.gov/c20c/data.html.
